Asynchronous Sequential Processes by Caromel, Denis & Henrio, Ludovic
Asynchronous Sequential Processes
Denis Caromel, Ludovic Henrio
To cite this version:
Denis Caromel, Ludovic Henrio. Asynchronous Sequential Processes. [Research Report] RR-
4753, INRIA. 2003. <inria-00071834>
HAL Id: inria-00071834
https://hal.inria.fr/inria-00071834
Submitted on 23 May 2006
HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.
L’archive ouverte pluridisciplinaire HAL, est
destine´e au de´poˆt et a` la diffusion de documents
scientifiques de niveau recherche, publie´s ou non,
e´manant des e´tablissements d’enseignement et de









ap por t  

de  r ech er ch e 
THÈME 2
INSTITUT NATIONAL DE RECHERCHE EN INFORMATIQUE ET EN AUTOMATIQUE
Asynchronous Sequential Processes
Denis Caromel — Ludovic Henrio — Bernard Serpette
N° 4753 – version 2
version initiale Mars 2003 – version révisée Mai 2003
Unité de recherche INRIA Sophia Antipolis
2004, route des Lucioles, BP 93, 06902 Sophia Antipolis Cedex (France)




























Ð+ÕÔÍÏvÌÜëÙç(×|ÒÖ8ÏÙØ2å2Ôé×|Ò×tÛ´ËÍÑÒÑ|ÚÄÐCÕÔÍÏvÌ=å×|ìÏvÌOínîtïñðòËÍÌﬀáÑﬂÖË æÏvÖ½ÓvÑÒÌ+ÏvóGÕÏvÒjÛ´Ô êjãKÉÊÏvÌ´Ï"áÑGÖË æÓz×tÛ+ËÍÑÒÌ=Ì+ÊÑÕÔÍÖ8ËÍáåÐCÑzÎjÏ
Û´ÊÏ
ÐCÏn×|Ö×|ßËÍÔÍË Ûôê»Ñ|Ú?Û´ÏvÓÜÊ2ÒËÍÓn×|Ô?å×|ÐCÛ+Ìzã
  ﬁﬃjOﬃ     #
	ﬀ.ﬀjﬁﬃ ! #













G Æ Çg Æ
 




















k£ TQ£  	 _b[ka6iQs|fdz\`_b[I£8£½£8£½£8£8£Z£8£½£8£½£8£8£½£8£½£8£Z£8£½£8£8£½£8£½£8£½£8£8£Z£8£ 
k£  xSG{?ikcjdz\`_b[ £Z£8£½£8£8£½£8£½£8£½£8£8£Z£8£½£8£½£8£8£½£8£½£8£Z£8£½£8£8£½£8£½£8£½£8£8£Z£8£ 

?   Á 6 ñ    ﬀ
~£ﬂﬁeSﬂ¼lnmo[(dtfg¾ £8£½£8£8£½£8£½£8£½£8£8£Z£8£½£8£½£8£8£½£8£½£8£Z£8£½£8£8£½£8£½£8£½£8£8£Z£8£ﬃ2































£ T r=fbstfb^]^`Sﬂ^¡stSG{?icdz\`_b[ £8£½£8£½£8£½£8£8£Z£8£½£8£½£8£8£½£8£½£8£Z£8£½£8£8£½£8£½£8£½£8£8£Z£8£ﬃ
-
£ TQ£ )eSGSﬂycj_6y(m £8£½£8£½£8£½£8£8£Z£8£½£8£½£8£8£½£8£½£8£Z£8£½£8£8£½£8£½£8£½£8£8£Z£8£ﬃ
-
£ TQ£ T xSG{?icdz\`_b[¿stiQ^`SGl.£½£8£½£8£8£Z£8£½£8£½£8£8£½£8£½£8£Z£8£½£8£8£½£8£½£8£½£8£8£Z£8£ﬃ
-









































k£ﬂ*Kq6ik\]fg^`Sﬂ[cjS8R._?{?iQ^`_ñiQdziQstSGl £8£8£Z£8£½£8£½£8£8£½£8£½£8£Z£8£½£8£8£½£8£½£8£½£8£8£Z£8£ T 
k£6£ xSﬂ[kfbR.\][Qa¼£8£½£8£½£8£½£8£8£Z£8£½£8£½£8£8£½£8£½£8£Z£8£½£8£8£½£8£½£8£½£8£8£Z£8£ T 
k£6£ T xSﬂ_6st{?SGsz\`[QaFszS2q(iQSGlndtl£8£8£Z£8£½£8£½£8£8£½£8£½£8£Z£8£½£8£8£½£8£½£8£½£8£8£Z£8£ T 
k£6£  2Qi?dtiQszS8iky0{QfgdzS2l £½£8£½£8£8£Z£8£½£8£½£8£8£½£8£½£8£Z£8£½£8£8£½£8£½£8£½£8£8£Z£8£ T 
k£6£ ~ yQsz_6ySGsndt\]S2l _g £8£½£8£8£Z£8£½£8£½£8£8£½£8£½£8£Z£8£½£8£8£½£8£½£8£½£8£8£Z£8£ 







k£6£  *:q(iQ\]fb^]SG[kcjS½_gﬀdzNkS½dv"_{?Sk[Q\]dz\`_b[ £8£8£½£8£½£8£Z£8£½£8£8£½£8£½£8£½£8£8£Z£8£ 
k£6£  )eS2cj\h{QfgpQ\`^`\dvm_b  £½£8£8£Z£8£½£8£½£8£8£½£8£½£8£Z£8£½£8£8£½£8£½£8£½£8£8£Z£8£~ 
k£6£2 *=¾QfgR.yQ^`SGl £8£½£8£½£8£½£8£8£Z£8£½£8£½£8£8£½£8£½£8£Z£8£½£8£8£½£8£½£8£½£8£8£Z£8£~oT
k£ T r:sz_o\`[Qa 	 _b[4kikSﬂ[kcﬂSﬀ+)e\hfgR._6[k{¿r
sz_6ySGsndvmX£8£8£½£8£½£8£Z£8£½£8£8£½£8£½£8£½£8£8£Z£8£~6~
k£ TQ£ 	 _b[(dzSﬂ¾(d!£8£8£½£8£½£8£½£8£8£Z£8£½£8£½£8£8£½£8£½£8£Z£8£½£8£8£½£8£½£8£½£8£8£Z£8£~6~
k£ TQ£ T _?cﬂfb^cj_b[34kiQSﬂ[cjS £8£½£8£8£Z£8£½£8£½£8£8£½£8£½£8£Z£8£½£8£8£½£8£½£8£½£8£8£Z£8£~6~










































2 ey0{kfdzS2l\`[¿f.cﬂmocﬂ^]S½_bñi?dtiQstSGl £8£Z£8£½£8£½£8£8£½£8£½£8£Z£8£½£8£8£½£8£½£8£½£8£8£Z£8£ Tg~
 
º























~ r=fgdzNkl{QS k[Q\]dz\`_b[¹£8£8£½£8£½£8£½£8£8£Z£8£½£8£½£8£8£½£8£½£8£Z£8£½£8£8£½£8£½£8£½£8£8£Z£8£ T 





























































































Ùcﬂfg^hcjik^]ikl _b 5H+£"w»iQsO^`_ocGfg^lzSﬂRfg[(dt\`cGl"^`_o_b¢?l ^]\`¢bSZdtNQS8_b[QS½_b  ,pQiQd"S½{?\h{[k_gd k[k{¿fg[om






\`[ dzNQSOfm _b cj_6R.RiQ[Q\hcﬂfgdz\`_b[ \dtN ñi?dzikszS2l8NQ\hc|N fbszS.\`[6dtSﬂstSGlndz\`[Qa¿p_bdzN dzNkSﬂ_bstSjdt\`cGfg^`^]mfg[k{ \`[
ykstf6cdz\hcjS6£









w»iQs.cﬂfb^`cﬂiQ^`iklcGfg[p0SstSﬂst\]dndzSG[\`[ )ÄÙcﬂfg^hcjik^]ikl *6ÍTb7´ ÍT~,+UpQi?dFdzNQ\hlF"_6iQ^`{[Q_gdFNQSﬂ^`y4ikldz_
yksz_6Se_bikscj_b[34kiQSﬂ[cjS½yQst_by0Sﬂszdvm{?\]stSGcjdz^`mb£e[k{?SﬂscﬂSﬂszdtfb\][&szS2lvdtsz\hcdt\]_6[kl *Ccjv£0 (Tﬁ´  T3,,+j )ÄÙcﬂfg^hcjik^]ikl
dtSﬂstRl cGfg[&pS8lndtfgdz\hcﬂfg^`^`myQsz_6SG{dz_.pS8cﬂ_b[4kikSﬂ[(dfg[k{lnikc|N&stSGlziQ^d|lOcj_bik^`{pS8fbyQyQ^`\`cGfgpQ^`SZdz_ln_6R.S
¤Zº
r¼dtSﬂstR.lG£ ("iQdG=Sﬂ6Sﬂ[ \_6iQscﬂ_b[4kikSﬂ[kcﬂSyQsz_6ySGsndvm\`l[Q_gd[QSGcﬂSGltlzfbsz\`^]mlvd|fdz\hcﬂfb^]^`mB6Sﬂst\ 0fgpQ^`S\d



























dtiQst[Q\][ka ñsz_6R f R.SjdzNk_o{Þp0Sjñ_6szS¿dtNQSSﬂ[k{¹_bZ\]dtlSj¾?SGcﬂi?dz\`_b[¹\hlSj¾?yQstSGltlnS2{¡:dtNoikl\`[kcjstSGf6ln\`[Qa dzNQS
cﬂ_b[kcﬂiQstszSG[kcjm\dtNQ_bi?dO[QS2cjSGltltfgst\]^`m^`_6lz\][ka{?SﬂdzSﬂstR.\][fbcjm6£4)¿cﬂfg[pSedzs|fg[klz^`fgdzS2{\][ *C{?\hfg^`SGcjdtl"_g +
)ÄÙcﬂfb^`cﬂiQ^`ikl-*6 9H+dzNkSﬂ[  T 7"fb[k{  Tb7:yQst_bSGl»dtNQScj_6szstSGcjdz\`_b[B_b"dtstfb[klnñ_bstR.fgdz\`_b[klZ_6[ )	^]\`¢bS






2ksz_6R flndtfgdz\hcy0_b\`[(dZ_bKo\]SG8ÄdzNQSFdz_6y_6^]_6abm¿_g"_bp?uvS2cd8{?Sﬂy0Sﬂ[k{QSﬂ[kcﬂSFa6stfbyQNBcGfg[ p0Sfg[kfb^]m ﬂS2{

























stSﬂykszS2lnSG[6dt\][kadtNQS_bp?uvS2cdU_6[NQ\hc|N dzNQSR.SﬂdzNQ_?{ \hl½\][ob_6¢bS2{ elzSﬂ^] +=fg[fbsza6iQR.Sﬂ[(d8szSGyQszS2lnSG[(dz\`[Qa







































































































+:lzikc|NdtSﬂstRlfbszScGfg^`^]S2{¹§²Üµg²+³Cª&²Ù°ﬂ¬7§ * 2ﬀH+£ _?cﬂfgdz\`_b[klfgyQy0SGfbsNQSG[
_6p?uvSGcjdtlfbszSZyQi?de\`[dzNQSUlndz_6szS6£



















£ Ù[ R.SﬂdzNQ_?{BcGfg^`^`l *nŁvv+¡lnikpklvdt\dti?dz\`_b[B\`lZfgyQyk^]\`SG{\`[Bfcj^hfbltln\hcﬂfb^ fm&_b[Bp_6iQ[k{?S2{
fbsz\hfgpQ^`SGl =ñ_6szRfg^¡yfgs|fgR.SjdtSﬂs|l"fbszS½stSﬂyQ^hfbcﬂSG{p(mdzNQS8^`_?cﬂfdt\]_6[klO_gdzNQSUfbsza6iQR.Sﬂ[(dtlG£
#Sjd pSdzNQSFSGq(ikfb^]\]dvm¿R._o{QiQ^]_&stSﬂ[kfbRF\`[Qa_bK^`_ocGfdt\]_6[kl *+lniQplvdt\dti?dz\`_b[ _g:^`_?cﬂfdt\]_6[kl»p(m¿^`_?cﬂf
dt\]_6[kl6+Kyksz_o\h{?SG{dzNQS8stSﬂ[fgR.\][ka\hl\`[uvSGcjdz\`bS-*Cfb^]yQNfÙcj_b[o6Sﬂs|ln\`_b[_b^`_?cﬂfdt\]_6[kl6+£



























































 ! \ 








































































 ! p0S&f ykfb\]s*ñSﬂ¾?yQszS2lzlz\`_b[Qlndz_6szS +|£ . S{?Sﬂ[Q_bdzS&pom

 ! ŁnIf"SG^]^





Á   








































  +Ql, tp 5oﬃ- 
. SU{?Sk[QSflzRfg^`^#lvdtSﬂylziQpklndz\]dzi?dt\]_6[?´pfblzSG{&_by0Sﬂs|fdt\]_6[kfg^¡lzSﬂRfg[(dz\hcﬂlñ_bs_6iQslnS2q(iQSﬂ[(dz\hfg^cﬂfg^hcjik^]ikl
























































































































































































































































































































































































































































































































   O QP - rNm  ;q lvm   5o'pOq























































z,*F_by0Sﬂs|fdt_bs\hledzNQS[kfgR.S_bKfR.SjdtNQ_?{ NQ\hc|N \`^]^ﬀpSFcﬂfb^]^`SG{ f6lelz_o_b[Bf6ldzNkS_bpQuvSGcd
\hlfbcjdz\`fdzS2{¡£¥MONQ\hl.RFSﬂdzNQ_?{Þ\hlcﬂfg^`^`SG{4dzNQS §ﬂ°ﬂ¬ SG³Cª|° .°ﬂ²C«?­ﬀ{¸fbl.\]dlzNQ_biQ^h{Þlny0SGcﬂ\ñmdtNQS_bs|{?SGsF_b

















y  s ! +cj_b[ln\hlvd|l8\`[
fgdz_6RF\hcﬂfb^]^`mBf6{Q{?\`[Qafg[ Sﬂ[(dzstmdt_¿dzNQS¬z°|±ﬂ®k°§²½±j®k°ﬂ®k°_bOcGfg^`^]SGSbfb[k{ fbltln_?cﬂ\`fgdz\`[Qa&f(ﬂ|®?²´®?¬z°.dt_¿dzNQS
































dtNQScGfg^hcjiQ^hfdtSG{&fg^`iQS *ﬂ|®?²+®?¬t° Sµ¶®k° +j£eMONQSG[kdtNQSSﬂ¾?SGcjiQdz\`_b[ cj_6[(dz\`[(ikSGlpom&szS2lvdt_bst\][ka.dzNQSFcj_b[(dt\][?










 fb\dz´pom(´[kSGcjS2lzlz\]dvmB_?cﬂcﬂiQstlUNQSﬂ[ Sdtszm dz_BySGsnñ_6szR f lndzst\`cjd_by0Sﬂs|fdt\]_6[ *ñSb£ ak£fR.SjdzNk_o{




































 	=o  r r5lnl
2ﬀ\`abiQstSTBlzNQ_lFfg[4Sﬂ¾QfgR.yQ^`S_bZf ln\`R.yQ^]S&ykfbstfb^]^`Sﬂ^ pQ\`[kfgstm dzstSﬂS&\dtN4dv _ RFSﬂdzNQ_?{Ql µA{A{¸fg[{
§ﬂ°|µ¬tª«(£ *:fbc|N [Q_?{?S cﬂfg[DpS dziksz[QS2{ \`[(dz_¹fg[ f6cdt\]6SB_bpQuvSGcd2£ #fbRpÄ{Qf4Sﬂ¾?yQszS2lzlz\`_b[klG\][(dtSﬂabSGstl
fb[k{Bcﬂ_bR.ykfbsz\hln_6[kl * 	 NoiQstc|N\][(dtSﬂabSGstleñ_bs½Sﬂ¾?fbR.yQ^]S +¡p0_o_b^`SGfg[l»fb[k{Bcﬂ_b[k{?\]dz\`_b[fg^=Sj¾?yQstSGltln\`_b[lefg[{
R.SﬂdzNQ_?{Ql½\]dzN Rfg[omykfgs|fgR.SﬂdzSﬂs|lZcﬂfg[ p0SFS2fblz\]^`mSj¾?yQstSGltlzSG{ \`[ _biQs8cﬂfb^`cﬂiQ^`iklﬂ£FMONQS{?S [Q\dt\]_6[_b
cﬂ^`f6lzlzSGl *3(+*



















































































































































































































































k  o'q rNo@tl, qso'l l -0P r  - q ul lnq


















E : G Bﬃ40I
U
[ 7 2 :ﬂﬁﬀL
TAU











:=<AL_025034n:ZY)[\]>3Mﬀ E)^'P \]P Mﬀ E
U


























































P 032N034ﬃ[\)P \ .sE]B
U












































p0Sy0Sﬂszñ_bstRFS2{ _b[ dzNQSSﬂ¾QfgR.yQ^`S_g218fgNQ[fg[{  fbc03»ikSﬂSﬂ[ cﬂfb[ [Q_gdU_?cﬂcﬂiQsUNQSGszS6£MONQS.ñ_6^]^`_\][ka
















[Ms4 ^'L65@0\ MsCﬂﬀ ?5P M,4[\]P 4 ^'L
\)P M,E10
cU
b : \]P 4Lﬃ\]P 2
U























































































ﬀA4ﬃ[\]P 2 b :I\]P 2! "ﬁﬀLﬃ\]P
















































































: 7 PRPRP L
E
URT










































































































































































































 ﬁUﬀﬁﬃﬂﬃﬂﬃ #  ﬁﬀﬂ"


















































































































stSGq(iQS2lvd|l + _6sefg[SGR.y?dvm&cﬂiQstszSG[6ddtSﬂstR *C[Q_R._bstSUfbcjdz\`(\]dvm;+fg[{fg[¿SﬂR.y?dvm¿cjiQststSﬂ[(dñi?dzikszS *ñNQSG[
[k_FstSGq(iQS2lvd\hlcjiQststSﬂ[(dz^`mdzstSGfgdzS2{+£ ﬁe_gdzSZdtNkfd^`_?cﬂfdt\]_6[klfgstSZ^]_?cﬂfb^Ädz_fb[&f6cdz\`o\dvm6£
¤








































































































»f¿ñstSGlzN ñi?dziQstS\h{?Sﬂ[(dt\ kSGs *CNQ\`c|N4\`l^]_?cﬂfb^:dt_Bfg[f6cdz\`o\dvm;+j(RDdzNkSfbcjdz\`(\]dvm
dtNkfdelzSﬂ[{Ql dzNQS8stSGq(iQS2lvdfb[k{  dtNQSUfbcjdz\`(\]dvmdtNkfdstSGcﬂSﬂ\`bSGlOfb[k{Nfg[k{?^`SGldzNQS½stSGq(iQSGlndG£
k   r   'l rNl,t p o -
. S{?Sk[QS8dtNQSU\`[k[Q\]dzS^]_o_by.g*%LN*











































































 ! cjstSGfgdzSGleflvdt_bstScj_6[(dtfg\`[Q\`[QadtNQS{?SGSﬂy cﬂ_byom_b  _
 ! £ZMONQS{QSﬂSﬂy cﬂ_byom&\`l
dtNQSlzRfg^`^]S2lvd½lvdt_bstSltfdt\`lnñmo\][QadzNQSFszik^]S2le_bKMfbpQ^]S.T?£½MONQS{QSﬂSﬂy cj_6y(m¿lndz_byleNQSG[fa6Sﬂ[QSGstfb^]\ﬂS2{
stSjñSGszSG[kcjS8\hlSG[kcj_6iQ[(dzSGszS2{¡£ Ù[¿dtNkfd½cﬂf6lnS6?dzNQS[QSﬂ lndz_6szSUcﬂ_b[(dtfb\][kldzNQSUa6Sﬂ[QSGstfb^]\ﬂS2{&szSﬂñSﬂstSﬂ[kcﬂSb£ Ù[

















































































































\][klz\h{?SS2fbc|NBf6cdt\]o\]dvmb¡f^`_?cﬂfg^ﬀstSG{?ikcjdz\`_b[BcGfg[ _?cGcjiQs»ñ_b^`^]_\`[QadzNQSFszik^]S2le_b"MfbpQ^`S b£ ﬁe_gdzS
dtNkfdlzSGq(iQSG[(dz\hfg^






























































































































































































 A!#_ﬂ  ﬂ 








































































































































































































































































































































































































































































lzy0SGcj\kS2{\][ 	 \`ldzstSGfgdzS2{¡£MONQS¿fbcjdz\`o\dvm \`l.lndzikc|¢ iQ[(dt\]^Of Rfd|c|NQ\`[QaBstSGq(iQS2lvd\hlñ_biQ[k{4\][4dzNQS
y0Sﬂ[{?\][kaszS2q6ikSGlndG£
/ﬀ9:47/ﬀ.783< =0/






_6p?dtfb\][kSG{ñsz_6R dzNQSUcﬂ_b[(dz\`[oikfdt\]_6[ * 2ﬀ\]a6iQszS  +£
.0/ﬀ?)@ A
iQyÄ{QfgdzSGlf *ôdt_gd|fg^Ä_bsOykfbsndt\`fb^ +
ñi?dziQstS½fg^`iQS * 2ﬀ\]a6iQszS  +£ ÜdszSGyQ^`f6cjS2l"fszSﬂñSﬂstSﬂ[kcﬂSdt_.fñi?dtiQszS
pom\d|l8fg^`iQSb£ )»Sﬂ^`\`pSGstfgdzSﬂ^`mbﬀ S.{Q_[Q_gdlzyS2cj\]ñmNkSﬂ[ dzNQ\hl8stiQ^`SlnNQ_6iQ^h{p0SfbyQyQ^`\]S2{¡£ ÜdU\hl8_b[Q^`m
stSGq(iQ\`stSG{8dtNkfdKfb[fbcdt\]o\]dvmcj_6[(dtfg\`[kl=f½stSjñSﬂstSﬂ[cjS"dz_Uf»ñi?dzikszS66fg[{Ffb[Q_gdtNQSﬂs=_6[QSONkfbl:cGfg^hcjiQ^hfdtSG{dzNQS
cﬂ_bstszS2lny0_b[{?\][ka8szS2lniQ^]dG£


































































































































































































 ! t°½²+«o°½¶³h§|² ­6ﬂ ﬂ|®?²+®?¬t°§e²+«oµg²
«oµ1S°t°t°ﬂ© ª|µ¶]ªﬂ®?¶]µ²Ù°R{ :²+«o°
ªﬂ®?¬¬z°ﬂ©k² ﬂ|®?²´®?¬z°j§µg©{+ﬂ|®?²+®?¬z°j§Oª|­g¬¬z°§Q­©{³ô©²Ù­ Q°j©{³ô© U¬z°|±ﬂ®k°§²+§% ²³h§u{6° 0³Cªj²Ù°R{j¨8²+«o°e¬z°|ªj²Ùµ© g¶]°j§





























































































Á   Ã6




























































































































{Q\ ÄSﬂstSﬂ[(d8cj_b[34kiQSﬂ[cjSfb[k{B{QSjdzSGszR.\`[Q\hlnRyQst_by0Sﬂszdz\`SGlG£ Ù[ dtNQSñ_6^]^`_\`[Qak R¥{?SG[Q_gdtSGledzNQS.fbcjdz\`(\]dvm
R_gﬀcﬂ_b[abiQs|fdt\]_6[ D.£
















 Æ & Á  Â
 ﬀ 






























































































































































































































































































































































































































  /to 'l pl m - , t ﬃ- r5l 'o'lnq
Dfg[k{














s|fdt\]_6[kl"dzNkfgd\]^`^[QSGbSGsOcﬂ_b[obSGsza6SepQiQdepSGNkfbSZ\h{?Sﬂ[(dz\hcﬂfb^]^`m * 2\`abikszS 2)+£
ﬁe_gdzS.dtNkfddzNQ\hl8SGq(iQ\`fg^`Sﬂ[kcﬂS\`l{?SGcﬂ\`{QfbpQ^`S.fb[k{dzNkfgdfg^`^:{?Sk[Q\]dz\`_b[kl8a6\]6Sﬂ[ *ñ\`[?ñ_6szRfg^`^`m0+»NQSGszS














































































































































Á     Á Ç










































   
Á





















































































































































ñiQdziQstSstSﬂyQ^`\`SGlS2q(iQ\]fb^]SG[kcjS +£%ﬁe_gdtS8dzNkfgdGÄ\]K"Scj_b[ln\h{?Sﬂsedv"_szS2q6ikSGlndtl  H8fb[k{ U_6[¿dzNQS.lzfbR.S
R.SﬂdzNQ_?{ _gf¿ab\`bSG[ {QSGlndz\`[kfdt\]_6[fbcdt\]o\]dvm V\]\][

H HF\hl8p0Sjñ_bstS fg[k{ \`[

g  \`l8p0Sjñ_6szS
























































   ﬃ ﬀ
   






















































{QSjdzSGszR.\`[Q\`[Qa&dzNQSlzSjd8_bOf6cdz\`bS._6p?uvSGcjdtl½dtNkfdcGfg[ lnSG[k{ fstSGq(iQS2lvdU_6[R.SﬂdzNQ_?{ _gfbcjdz\`o\dvmWR"£
ﬁe_gdtS¿dzNkfgddzNQ\hlR.SGfb[klFdzNkfgd"S ks|lndNkfbSdz_lndtfgdz\hcﬂfg^`^`m4{?SGcﬂ\`{QSNQSjdtNQSﬂsfb[Þ_6p?uvSGcjd\`lf6cdt\]6S







































































cGfg[[Q_bdp0Sfgpk^]Sdt_BlzSﬂ[k{ stSGq(iQS2lvd|l8dzNfdFcGfg[ \`[6dtSﬂszñSﬂstSdz_ dzNQS&lzfbRFSdzNQ\`st{f6cdt\]o\]dvm *CiQ[Q\hcj\]dvm _b





















































































 Æ & Á  Â ﬀ
ﬀ





















  /to 'l pl m - , t ﬃ- P t5turNlnq
#Sjd
&






















































































































MONkSS2q6ik\]fg^`Sﬂ[cjSFszSG^`fgdz\`_b[ Riklvd8p0S{?S k[kSG{ R._?{?iQ^`_&dzNQSFstSﬂ_bs|{?SGsz\`[Qa_b lz_bR.SstSGq(iQS2lvd|lﬂ£ Ù[{?SﬂS2{

















































































ﬁﬀﬃﬂ "!$#%#ﬃ&(')ﬁ*,+ -.!/!1032%*,+ -ﬁ!54%6768ﬂ39:ﬂ "!/;=<ﬃﬂ>ﬁ?2-.!1@BAC!
DE!GF"2HI9:J>29,9LKM4EA14%@3N>ﬀﬃﬂ O29".4%@BFP2:!!Q<ﬂ .?2%-ﬁ!Q@9$*,43R3ﬂ -.4E68ﬂ39"ﬂ :!Sﬂ +TR 29:!QF,ﬁ6U9"J>!1HV2%"!W9"J !
F:2*,!$*,4)R ﬂ -ﬁ4S:!1@>2%*,ﬁ@ ﬀ46X2%AC9".?ﬁ9LH%Y7-ﬁ43A129".4%@>F52%@>RZ68ﬂ 9"ﬂ :!QFQY72@BRZ9:J !ﬂ +TR 29:!$4%6MF"4%*,!,2-."![2%R3H
AQ2-ACﬂ -29:!QR\68ﬂ39"ﬂ>"![F1]
^XJ !A14%@>R3ﬁ9".4%@_9"4ﬂ +TR 29:!,F"4%*,!`68ﬂ39"ﬂ>"![FaAQ2@cbB!F"ﬂ *,*,2%".d1![R_F"ﬁ*,+ -.HGb)HZAC4ﬃ@>FeR3!Q".@ ﬀ\:!C68!Qef
!Q@>AC![Fg9:4h68ﬂ39:ﬂ :!QF52%FU.R3!Q@9"A12-i9"4-.4)AQ2-"!168!1:!1@>A1!j9"4\9"J !$+>2%e9a46=Fe9"4%:!PKkJ>.AOJZFU9"J !SlmR3!Q!1+EAC4%+)H
4%6n9"J !op68ﬂ 9"ﬂ :!q?2%-ﬁﬂ !ﬃ]srUs2j68ﬂ 9"ﬂ :!qFs!Q<ﬂ .?2%-ﬁ!Q@9=9"4P9"J !q68ﬂ39:ﬂ "!526t9:!1Mﬂ +TR 29:!U4%M*,4%:!k684%:*2-.-ﬁHﬃY2
68ﬂ 9"ﬂ :!j.FX![<ﬂ ﬁ?2%-ﬁ!Q@ﬃ9X9:4h2`+B2"9X4%6Fe9"4ﬃ"!5ﬁ6i9:J .FX+B2"9X4%6uFe9"4ﬃ"!aFk!Q<ﬂ .?2-.!1@9X9"4$9"J !/Fe9"4ﬃ"!5KkJ AOJ.F
9:J !`lvR3!1!Q+\AC4ﬃ+)H`4%6n9"J !ou68ﬂ39:ﬂ "!q?2-.ﬂ !`lm+ "4?)R3!QR$9:J !Uﬂ>+wR 29"![R+>2"9=4%6n9"J !aFL9:4%:!UR34)!QF=@ 49M4?%!1:-2+
Kkﬁ9"J9:J !j"!Q*2.@ ﬁ@>ﬀ`4%6i9:J !/FL9:4%:![oC]
xiyBzmz8y){|m}7~)3}i%)>}77Ł7"[I7!C9ﬂ>F684ﬃ"*2-..d1!G9:J !_R3!Q29"J>29,eKs!G684ﬃ-ﬁ-.4K9"J !























































































































































  TMQ  Á











































































































































































































































  TMQ  Á

 ÁBÆ

















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































G$%" oJk!1ouﬂ ﬂ ouk !ﬃo#&q$=oJk{"$5p]"x"xk out=ﬃruﬃk'&(!~&(k'z1ﬂ "xt=ru"z$%out="ﬃ
¾
&(kz$=?}xw;{"##&(}'%"$%"











































































































































































































































































































































































































































































$="$5p]o &ut%rJ}ﬂ "xk?$=+$=o?o"®'k'&u!X"#«?}ﬃ7&u!"#k'"sxouﬂ "#+nGt=ouﬂ !"#ﬂﬂm&3 
4.5ﬀ067



































m{o($%'"#%ﬃGﬂ o-z-}!ﬃo t%"#k'&(ﬂ ﬃkr?wp+"x&ukooJ%"$="N%&uﬂ "k'&uﬂ "ynGoJt+nG}$%}t="k
&(k'z

































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































9 ÞAC 7	L289 2 1
<;I343 9 265 3 = 1Þ:69;I 3 =?3 I 9 Þﬀ/1


































"ﬃz-"&/ﬃ$%oi$=&ut$mnGt=ouﬂ &(k3&u$%ﬃ§$5  &uk'znGou!ﬃ!oqp &(t=t%oqp$=o_z-"$="xt=ﬂ k"
t="xk&(ﬂ k'r'$ﬁ"#x}t=t%"#k'"x&J"]&ut%"|$=t%ﬃﬃ&u!­~ "sz-"$&(ﬃ!;ouk!ﬃ$%oJt%"&u#"#=ﬁ&(kznG}-$=}t="##)
Èyo($%"s$%'&($y&(!ﬃ!X$%"ŁkoukrJ&ut%&(ru"oJ!!ﬃ"#$=&u!"oJ-Ú5"#$=ﬁﬃk  &(t="ou-$&(ﬃk"#znGt=ouﬂ  nGoJ!!ﬃoqpﬁk'r

	We





































































































































































































































































































































ILK:LN OwvxP R RTﬀUdWYT]\8ZyT]\^W_T]z
a a
ILK:LN O{|P R RTﬀUdWYT]z8ZyT]\^W_T=}
a a
ILK:LN O3~P R RTﬀUdWYT=}"ZyT]\^W_T]
a a













































































































































































































































































































































































































































=&7Ł&($d!"&u$+&NoJﬂ oJk"xk?$o(nXoJk"y&u$%ﬃ§$5x&(k {"yt="#&JzoJtﬂ oz§®'"zms$5p]oNt%}'!"x~"ﬁnGoJ!!ﬃoqpﬁk'r
#&u%"#&(t="!ﬃ&u"#!"zpﬁ$%$="$5p+o t=}!ﬃ"#ﬃkxouk.1ﬃ$#




















































































































































































































































































































































































































































































































































































































































































































































»BM; ; "#ﬂ ﬂ &   ﬃ|}'%"#znGout&uzzkr


























































































































































:2;=>   E:2<;=> 
Èomxouk.1'ﬀ$1"Nﬂm&7oJk!ﬃk"x"z$=out="xk'&uﬂ"N&J$%ﬃ§$="x
:2;=>   EEDF	 






ﬂ     
xt%"&q$%ﬃkr_&








:2;=>   E:2Q 
 E M	RS>
ÈooJk.1'ﬀ$


































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































$=}'nG}-$=}t%"sz-oOkou$sk"x"z1$%oO{"mrJ&(t='&uru" ou!ﬃ!ﬃ"#$="#zXw&(k'z k"x$5p+oJtO!ﬀ&q$="xk'x1#&(k "oqJ"xt=!ﬃ&u{"#z
pﬁ$%Oxouﬂ }-$&q$%ﬃoukC





























Èyo($%"$='&q$pﬁ&q$mt=oq?ﬀz-"z"$%"#t%ﬂ ﬃkﬀﬂ k ou}'tx&(!ﬀ}'!}' ﬀ$%'"O'&(!ﬀ&(k'xk'r {"$5p]"x"#kW&Jk-¬
't%oJkou}'d"-"#x}-$%ﬃouk&(k'z%?kt%oJkﬀ%&($%ﬃouk'z}"|$%ot%"#k'z-"	 x¬ÒJou}'+ﬂ "#'&ukﬀﬂ &(kzp&($¬ ?mk'"#"5¬
%$5­z&q$&q¬ 1'oqp %?kt%oJkﬀ%&($%ﬃouk yn9xou}t"y$%"$%oJoJ!oJru o(n;oJ-Ú5"#$=$=&q$=k'rs$%&q$p+"x&ukouk!ﬃ
&Jxx"#=N&(k&u$%ﬃ?$5$=t=ou}rJ $=Ł&u$=J"mou-Ú5"$sﬀsﬃﬂ oJt$&(k?$N$%oo'Èou$%"&u!ﬃ%o$%'&($Łpﬁ'&q$sﬂm&/u"#
oJ}ty't%oJ"#t$="{oqp+"xnG}!9ﬀy$%'&($|$ﬀyﬃk'%"xk'%$%ﬃu"s$=ooJt=z-"#tyount%"#!ﬃ"#Ł)ﬁ$%'"z-"x$%"xt=ﬂ k'ﬃ%ﬂ ﬃouk!ﬃ











t=o-"#=ﬁÈ"x$5p+oJt-  < 
SUTÝVSXW
    




  ? 9x&u!!ﬃ"xt&u!p&7-+p&($ﬁnGout$%"Nﬂ "$=o-zt%"}'!§$Ł­k't=ouk'ou}']ﬂ "$=o-zOx&(!ﬃ!EwpﬁﬀOx&uk





$=ﬀ|&(t&u$="xt=ﬃ$%ﬀNﬀ$%" oJ}t"Łound'&ut=&u!!ﬃ"x!ﬃﬃ%ﬂ pﬁ"xt="#&JyﬃkoJ}tx&u%"s$=ﬀp+oJ}!ﬃzﬃﬂ !&u!!ﬃoqp
&uk"#&ut%!ﬃﬃ"xtnG}$%}t="}'{z&($%" ;k ª  $%'"%ou}t"Ło(nd'&ut=&u!!ﬃ"x!ﬃﬀﬂßﬃ$="oJ-Ú5"#$|&J$%ﬃq&q$=oJk&(k'z$%"
%-5$="xﬂm&q$=ﬃ&Jk''t%oJkou}'Tﬂ "x$%o-zNx&u!!ﬀ;{"$5p]"x"#ks&u$%ﬃ?$%ﬃ"##9'"doJk'z-$%ﬃoukNruﬃu"#kk   ? wq5$&q$=kr
$='&q$$="t%"}'!§$o(nX&|ﬂ "$%'ozﬀ~ko($ﬂ o-z-®'"#z &(nE$%"xt{"xﬃkrt="$%}'t%k"zXw(ﬀ"xk}t="#zŁkmª  Ł&z-"x"#









nGt=ouﬂ $%"s=&(ﬂ "p+oJtmﬀ'&u!ﬃ&uk'"zﬃkOª  pﬁ$%$%'"souk5$=t=&uk?$=]oJkoJ-Ú5"#$=]$%oJoJ!oJruJ
"ﬁ't%"oukz-§$=oJk'9nGout $  ;X¬ '&u%"#zoJk.1'}"#k'"N  t%oJ"#t$5   u&(t="]ou$%mﬃﬂ !ﬃ"&(k'zz-k'&(ﬂ ﬀ(
jlknv&J$#wouk"Ú5}5$y&u$=o"xk'%}t="|$%'&($#w&($&(km$=ﬂ "Ł& }'kﬃ«?}"&u$=$5#&(kﬂm& u"N& t="#«?}"5$oJk&
rJJ"xkouk"J~'ﬃﬁ#&(k{"NoJﬂ&(t="#zm$=o !ﬃk"#&utNGout!ﬃk'"#&(t=  x"#zd'&ukk"#!ﬃ]o(n
T¬ #&(!ﬀ}!ﬃ}'    ;}-$ﬁp+"







































































wuoJ!}ﬂ " =    JwC'&uru"N×H 65   <'




























































    ;C}'x&
¦






























































































&ut%oJﬂ "x!ÒwX3!nGt%ﬃ"#z+D!ﬀ&(}'%"xtw;&(kz u}!ﬃ"#k0ﬂ&7-=MLxt="uCoqp&(tz|"&(ﬂ !"%xouﬂ }-$=kr


















¸µxw+,'  C5 #×?) +, J×J5





















 H  @
 7I

























   Jw t%!ﬀ&(k'zo­9!ﬃout=ﬀz&w   ªw (}'k"  < < 'ª
¦
/  j8  ;CªyÈÈo($=ﬃx"##w  <* J






































ªyru"#kJ$x9jlks Oouk?$=&uk'&(t=&uk'z ﬂŁ  &J%%ouk'"uw?"#z-$%oJt=#w

















   
I















¸µwq'&uru"   , J5   Jw









































  t="#=xw  </<  '





































































































































































"#&J;w-!oJt%ﬀz&w   5B    J&(k}'&ut%  </< 































µ &w  ,, ,




 (oJk"##ªykoJ-Ú5"#$¬ '&u%"#zz-"#%rJkﬂ "x$%o-z_nGoutoJk'}'t%t="xk?$'t%oJrut&(ﬂmxC"kﬀx&(!











k'ﬃ#&(!;t="x{out%$#w ykJ"xt$5mo(n O&uk'"#$%"#t#w  </<u×' 
¦

¬ <u×(¬ ),q¬ u


















































¸µw'&(-$="xt JwC'&uru"# C5N H - D!}p]"xtsªﬁ#&uz-"#ﬂﬀ





 <H u×q¬ < /,q¬l×
SUTÝVSXW
   u×



















 º%$µ  3   
(Â&,
µ&&w'&uru"#
  C5/    -ÈoJt$=-¬

ou!ﬃ!ﬃ&uk'zXw-È"#pKoJtTwÈ7w  <  

























oJ!!ﬀ&(kzXw  < /













    @ & ('ﬁ7w'&(ru"ﬁ×  ?J5×  JJª
¦



















































  j8  ;9ªyÈÈo($=ﬃx"##w7'&(rJ"#C× <J5  ,ª
¦
  t%"%#w u&uk?}&(t=  < <H 




ouk.1'}'"xk'x"oun|'t%o-"%%"# &uk'z -$%"xﬂm oun|oJ-Ú5"#$=#3jlk
 "x$%"xt

 o?%%"##w ourJ"xk'Èﬃ"x!ﬀ"#k;wy&(kz ﬃ&("x!j  p&(t  x'&J;w]"#z-$%oJt=#w
  




















































#]wuoJ!}'ﬂ" <   Ło(n
@
I
6{w-'&(rJ"#     5B (× J

't%ﬃkru"#t#w  </< 
      $ouﬃk ﬃ!ﬃk"xt '"{ou!ﬃJ&Jz-ﬃ







































¬ < x¬ ?,'w ykJ"xt$5mo(nz-ﬃk}t=ru;w |$%oJ"#t  </< u

























w +,,') C5 w

"x-$="xﬂ"#t  </< -


















w     ) ×J5-×u×'w> ,,H 





































































¸µxw <   -)    C5
		Jw
 </< -
































































































 ×  B8|}' ;d  $%"#"x!ﬃ"uw(t& k'r&Jk''t%oJkou}''&ut=&u!!ﬃ"x!ﬃﬀﬂ=&qnG"nGoJt~$%"yp+oJt%!ﬀzX'jlkmª
¦
/wu"#z-$%oJt#w




























































w('&uru"   ?5N (× uwqÈ"#p
oJtTwÈ7w   ªsw  </< ,-ª
¦
  t%"%#







jlknGout=ﬂ &($% ﬂyj%jw ykJ"xt$($ t%!ﬀ&(krJ"xk-¬lÈ













!ﬃo$ﬃkr o(nm"-"}-$=oJk }oJk &35$=t%ﬀ$1ou{"xt&q$%ﬃouk ouk &WnG}$%}t="u)




































































































































































































































































































































































































































































































 &(t&(!ﬃ!ﬃ"x!Tt%"z-}'$%ﬃoukpﬁ"xt=" Üﬀ$%'"s&(!ﬃﬃ"#zt%}!ﬃ"  (×
^
P+*








































































































































































   &ﬀ  
L




























































ﬀ&ﬀxt'ﬃk)(*ﬃ Ú*ﬀ#+È,ﬀ&5p]out"    
Ý9ÝßÞqàáxâãä
Unité de recherche INRIA Sophia Antipolis
2004, route des Lucioles - BP 93 - 06902 Sophia Antipolis Cedex (France)
Unité de recherche INRIA Lorraine : LORIA, Technopôle de Nancy-Brabois - Campus scientifique
615, rue du Jardin Botanique - BP 101 - 54602 Villers-lès-Nancy Cedex (France)
Unité de recherche INRIA Rennes : IRISA, Campus universitaire de Beaulieu - 35042 Rennes Cedex (France)
Unité de recherche INRIA Rhône-Alpes : 655, avenue de l’Europe - 38330 Montbonnot-St-Martin (France)
Unité de recherche INRIA Rocquencourt : Domaine de Voluceau - Rocquencourt - BP 105 - 78153 Le Chesnay Cedex (France)
Éditeur
INRIA - Domaine de Voluceau - Rocquencourt, BP 105 - 78153 Le Chesnay Cedex (France)
  	


  
ISSN 0249-6399
